Abstract: Dry eye disease (DED) is one of the most frequent presentations to optometrists with over 16 million US adults (6.8% of adult population) diagnosed as having this disorder. The majority of associated marketed products offer relief from symptomatology but do not address aetiology. DED harbours many distinguishing features of a chronic inflammatory disorder. The recent explosion in human microbiome research has sparked interest in the ocular microbiome and its role in the preservation and extension of ocular surface health and in the contribution of the gut microbiome to chronic systemic inflammation and associated "Western life-style" diseases. With a significant lack of success for many patients using currently available DED treatments, in this era of the microbiome, we are interested in exploring potential novel therapies that aim to reconstitute healthy bacterial communities both locally and distally (in the gut) as a treatment for DED. Although this direction of investigation is in its infancy, burgeoning interest makes such a review timely. This paper considers a number of studies into the use functional foods and associated products to ameliorate dry eye.
Introduction
Dry eye disease, a multifactorial disorder characterized by a loss of homeostasis of the tear film and hyperosmolarity, visual disturbance and ocular surface inflammation [1] encompasses ocular surface inflammatory disorders such as blepharitis (inflammation of the eyelids), ocular rosacea [2] , and meibomian gland dysfunction (MGD) which is the most frequent cause of dry eye disease (DED) [3] . DED is an inflammatory disease that has many features in common with autoimmune disease [4] . The onset and progression of MGD is a vicious cycle of altered meibum consistency, bacterial proliferation on the eyelid, bacterial toxin production, fatty acid production, inflammation and tear film instability [3] . This cycle can be entered at different points. Exposure of ocular surface epithelium to hyperosmolarity contributes to the release inflammatory mediators [5] , triggering further damage to epithelial cells, apoptosis, and goblet cell and glycocalyx mucin loss [6] .
Altered immunity is a significant factor in DED. As articulated by Stern and colleagues [7] , increasingly DED is recognized as a localized autoimmune disease driven by dysregulated immunoregulatory and inflammatory pathways of the ocular surface. Mucosal tolerance disruption is integral in the pathogenesis of DED [8] , initiated when the immune balance of the ocular surface is altered due to internal or external factors. Stress to the ocular surface initiates a cascade of acute response cytokines and sequestering of auto response T cells that results in a chronic autoimmune response [7] .
In addition to the localized autoimmunity, it has long been recognized that systemically delivered antibiotics can ameliorate ocular surface inflammation [9] . A number of antibiotics, both topical and oral, have been trialled for the treatment of MGD [10] , blepharitis and (ocular) rosacea [11] [12] [13] [14] . Complicating the situation however, a review by the American Academy of Ophthalmology into use of oral antibiotics for MGD-related ocular surface disorders [15] reported (despite "several review articles suggesting these agents as a mainstay of ocular surface disease care") only scant level II and level III evidence to indicate efficacy while highlighting risk factors for systemic antibiotic use. Muddying the waters further are extant reports in the literature of germ-free mice and systemic antibiotic treatment animal models actually recapitulating DED rather than ameliorating it [16, 17] . These diverse observations highlight the complex interplay of immunity, inflammation and the role of the ocular and gut microbiomes in the development, exacerbation or amelioration of DED. Although ocular surface disease is one of the most common reasons for visiting an ophthalmologist, it is currently considered largely incurable [6] .
The purpose of this review is to explore the use of antibiotics in treating dry eye; as antimicrobial agents and/or anti-inflammatory mediators and to showcase the emerging field of DED treatment that seeks to redress the autoimmune dysfunction of DED through pro-biotics, pre-biotics and functional foods with a view to perhaps eventually moving beyond antimicrobial therapy with all its associated disadvantages.
Beyond antimicrobial agents, there are many over the counter treatments on the market for DED that are directed against symptoms, offering immediate but transient relief. A Cochrane review from 2016 studied 43 randomized trials (comprising 3497 dry eye subjects). The article was critical of the lack of homogeneity in variables such as diagnostic criteria, interventions, outcome measures and so forth, to the extent that the authors highlighted these constraints as potential confounders in their meta-analysis. Given these limitations (which illustrate a deficiency in many clinical trials for dry eye products) the authors concluded that overall there is little certainly that over-the-counter (OTC) drops offer any greater relief than placebo.
Dry eye ophthalmic drugs aim to provide relief in both signs and symptoms. A recent, elegant review by Holland and colleagues [18] provides a systematic analysis of topical ophthalmic drugs for treatment of dry eye that have been reported over the last twenty years. True to accepted dry eye wisdom, the authors report a lack of contemporaneous relief of signs and symptoms in any of the more than 100 studies reviewed. The review categorizes the various products into anti-inflammatories, mucin and tear secretagogues, and other investigational products. A lack of standardized testing is again highlighted in this investigation.
Mucin secretogogues (that stimulate mucin or mucin-like substance production) appear to reduce corneal staining (which is suggestive of loss of corneal surface integrity) but attenuate few other signs of dry eye while (subjective) comfort appears to improve [19] [20] [21] . Mucin secretagogues along with hyaluronic acid are currently the mainstay of dry eye treatment in Japan [22] . However, common "treatment emergent adverse events" [18] include eye irritation, burning and stinging upon installation and eye itching.
Biocidal action of antibiotics is seen as helpful in blepharitis-and MGD-induced dry eye through reduction of lid margin bacterial burden. Topical application of biocidal concentrations of fusidic acid and fluroquinolones have been advocated, with systemic cloxacillin and rifampin for recalcitrant disease, cautioned however by disadvantages of increasing antibiotic resistance [23] .
Physical therapies aimed at stimulating meibum production (the theory of which is discussed at length by Borchman [24] and some novel experimental topical ophthalmic drugs [18] are further avenues of exploration. Overall however, lack of residence times, burning and stinging and eye irritation still trouble many of these products in addition to the discordance between improvement in signs and symptoms.
The efficacy of corticosteroids in management of DED has been elucidated through molecular, cellular and clinical proofs of concept, illustrating the importance of inflammatory cascade in the progression of disease [25] .
Dry Eye Disease as an Inflammatory Disorder
Increasing evidence reveals a model of dry eye as a localized mucosal autoimmune disease originating from an imbalance in the protective immunoregulatory and proinflammatory pathways of the ocular surface [7] . In a mouse DED model, desiccating stress is sufficient to induce acute response cytokines that further enhance pro-inflammatory cytokine/chemokine production, followed by activation of pathogenic Th1 and Th17 cell responses [26, 27] . Autoreactive T cells traffic to the ocular surface tissues potentiating chronic autoimmune response and pathology [7] . Anti-inflammatories work to inhibit the hallmark cognate deleterious cascade of DED.
Eye drop preservative toxicity affects ocular mucosal tolerance causing dry eye [28] . In a mouse model, dry eye can be eliminated through restoration of immune function, suggesting again that DED arises from immune dysregulation [26] .
As such, more promising DED agents are those directed towards reducing inflammation and restoring normal tear film though currently there is no specific immunotherapy for DED [29] . A 2017 review of cyclosporin A (CsA) for the treatment of chronic dry eye [30] indicated strong evidence of efficacy in treating signs but not symptoms. However, this conclusion is at odds with a 2019 review that suggested significant improvement only in corneal staining [18] and side-effects including significant ocular irritation. CsA highlights a number of ocular therapeutics issues such as retention time [30] , burning and stinging and installation site irritation [31] .
Interleukin -1 (IL-1) mediates the inflammatory cascade but products aimed at antagonizing IL-1 have had mixed results in clinical trials as reported by Holland and colleagues [18] . One promising inhibitor of the inflammatory cascade is Lifitegrast, the first dry eye product to target LFA-1 (a T-cell receptor that amplifies inflammatory pathways through cytokine release) [22] . Lifitegrast trials offer tantalizing evidence for achieving attenuation of both signs and symptoms. However, these milestones were not achieved in any single study but shown independently in separate studies [18] . This proved the test case for the FDA to forgo requiring the need for improvement against placebo in both signs and symptoms within the same study [32] .
The Anti-Inflammatory Role of Antibiotics in DED
The use of systemic antibiotics for DED is well established. Anti-inflammatory effects of bacteriostatic tetracyclines such as oxytetracycline, doxycycline and minocycline are advocated for meibomian gland dysfunction induced DED though treatment breaks after three months are recommended [33] . Anti-inflammatory actions include the suppression of leucocyte migration [34] and nitric oxide and reactive oxygen species production [35] .
Macrolides such as azithromycin and tacrolimus exert similar anti-inflammatory activities as evidenced in trials to treat blepharitis and MGD [25, 36, 37] . Tacrolimus stimulates T cell activation by potentially blocking cytokine receptor expression and has shown evidence of effecting improved tear stability and ocular surface status in DED subjects [38] . Azithromycin has also been reported to effect improvement in DED through direct action on meibomian gland epithelial cells by stimulating lipid accumulation and meibomian gland cell differentiation in vitro [39] .
Additionally, low dose antimicrobials inhibit production of bacterial lipases and cognate free fatty acids that exacerbate inflammation, leading to improved meibomian gland function and stable tear film [40] . The release of toxic bacterial products such as lipases-or the secondary production and release of pro-inflammatory cytokines-is pathogenic [14] . Hence, in addition to anti-inflammatory and immunosuppressive action mediated through inhibition of lymphocyte activation and release of inflammatory mediators [41] , low dose topical antibiotics have been used to inhibit production of bacterial toxins locally [42] .
Even more so than biocidal use of antibiotics, such treatment is open to all the attendant disadvantages of chronic antibiotic use with low dosage more likely to lead to increased antibiotic resistance.
As useful as antibiotics, corticosteroids and other agents employed to modulate inflammation have been for DED, we need to move beyond merely keeping inflammation in check but rather, determining and ameliorating the source of inflammation [43] .
The Case against Antibiotics for Dry Eye Disease
In relation to DED, antibiotics used to induce gut dysbiosis have resulted dry eye in experimental animal models [16] . Further, germ-free mice have been reported to spontaneously develop Sjögren syndrome-like inflammation and more severe dry eye than conventional mice [17] . Interestingly, restoration of the gut microbiome reversed the dry eye phenotype [17, 44] , suggesting compromised innate and adaptive effectors both at the ocular surface and in the gut contribute to increased susceptibility to DED [45] . Locally, a healthy ocular microbiome has been implicated in the homeostatic regulation of the ocular surface while antibiotic disruption of ocular bacterial homeostasis can initiate inflammation [46] and lead to potential deleterious perturbations of commensal microbiome that can cause undesirable side effects resulting from the collapse of the eye's own immunodefense system [47] .
But perhaps a greater issue to be addressed with all these products is the design concept of stimulating or initiating local responses for amelioration rather than addressing the aetiology of DED. As articulated by Goldstein and colleagues [48] : "DED remains a disorder of long-term maintenance rather than permanent cure" with current therapy addressing tear supplementation and localized transitory inhibition of inflammation. Since many patients with MGD suffer despite such treatment [16] , how long lasting these treatments are, or whether they are establishing or further contributing to, the vicious cycle of DED [3] are important questions that need to be further addressed.
As has been established from the above, a large component of DED is inflammatory. Perhaps it is time we move beyond attempts to address only localized ocular inflammatory cascades and expand our search for a dry eye "cure" by consulting the chronic inflammatory disease literature. This review posits a case for a more holistic approach to combating signs and symptoms of DED.
The Anti-Inflammatory Role of Probiotics, Prebiotics and Funcational Foods in DED
Modern lifestyle choices appear to be an important factor in many inflammatory diseases, particularly those with an autoimmune or metabolic component including obesity, multiple sclerosis, rheumatoid arthritis, inflammatory bowel disease, type 1 diabetes, eczema, allergy, and psoriasis [20, 49] . These illnesses comprise multifactorial aetiologies involving T-cell mediated autoimmune mechanisms leading to chronic conditions requiring ongoing disease management [49] . Regulatory and effector subsets of T cells are implicated in the pathogenesis of DED which is described as an inflammatory autoimmune disorder of the ocular surface [50] characterized by increased proinflammatory cytokines in the tears, epithelial apoptosis and leucocyte infiltration [8] and recapitulated by adoptive transfer of CD4 + T [51] . DED often requires life-long management and, as such, would appear well-placed within the family of chronic disease.
Hence, if we view DED as a localized autoimmune disease originating from an imbalance in the protective immunoregulatory and proinflammatory pathways of the ocular surface [52] we can draw from the burgeoning body of research into other chronic autoimmune disorders that are increasingly affecting the population.
Poor Western diets, typified by low fibre and high fat, have been shown to affect gut microbial composition and immune system functions and consequently trigger disease [53] [54] [55] . Gut dysbiosis contributes to a chronic inflammatory status and is a causative factor for various autoimmune disorders [56, 57] . Thus, diet presents a vital route for immune system modulation [21] [22] [23] 53, 54, 58] .
Perturbation of the gut microbiome illustrated by germ-free or antibiotic-treated mice has demonstrated the regulation of lymphocytic development and inflammatory responses in the gut [59, 60] . The effect of altered diet on gut microbiota in mice with systemic lupus erythematosus (SLE), an autoimmune disease mostly affecting skin and joints has been studied [56, 61] . SLE innate inflammation caused an increase in the bacterial species Lactobacillus reuteri which, in turn, exacerbated systemic autoimmunity [62] . The authors reported a special starch diet decreased lupus development [62] . Such studies indicate that addressing gut dysbiosis for distal inflammatory disorders is a valid line of enquiry.
In an effort to address aetiology of DED, our group is interested in exploring alternative treatments for dry eye that re-establish a healthy ocular microbiome both through topical and systemic means; constraining ocular and gut dysbiosis and cognate local or systemic inflammation through the use of functional foods and related bioactive substances.
This article reviews a number of potential avenues of treatment for dry eye along the lines of functional foods and related products to work to effect healthier gut and ocular bacterial communities. Research in this arena in relation to dry eye is in its infancy but no doubt will be exploding in the next few years.
For this narrative review, a literature search was performed between January and May 2019 using electronic databases PubMed and Google Scholar. Included studies were clinical trials and meta-analyses and reviews of such, on the oral supplementation of probiotics, prebiotics and supplements in the form of functional foods for the treatment or prevention of DED and related disorders. Exclusion criteria compromised articles for which there was no full text available, articles written in a language other than English and grey literature. For inclusion into the review, as this is yet an emerging field of research, we identified 27 articles specific to this search from the first round and additional references were identified from related studies cited within these articles.
Potential Mechanism of Action of Prebiotics, Probiotics and Functional Foods in Addressing DED
Ocular surface pain and discomfort are prominent symptoms of chronic dry eye and as such, often provide the impetus for presentation to a specialist [7] . Conjunctival inflammation is a hallmark of all dry eye syndromes [63] with chronic inflammatory infiltration of the conjunctiva and lacrimal glands [5] . Factors associated with inflammatory pain, including pro-inflammatory cytokines and infiltrating inflammatory cells, are present in DED [7] . Interestingly, DED often co-presents in chronic inflammatory diseases such as irritable bowel syndrome and other disorders known to have a gut dysbiosis aetiology [64] . Other autoimmune disorders that share DED symptomatology include Sjögren syndrome, systemic lupus erythematosus, rheumatoid arthritis, thyroid disease, asthma, osteoarthritis, allergy and rosacea (though the autoimmune link with rosacea is still debated) [65, 66] . Chronic inflammation is due in part to alterations in relative abundances between different bacterial phyla such as increases in Proteobacteria that leads to increased permeability of the gut and systemic host inflammation [67] . A similar dysbiosis has been reported in Sjögren syndrome [16] .
In 2007 Graham and colleagues [68] compared the microbiome composition of the ocular surface in a group of subjects without dry eye to a group with DED and raised the question of whether resident bacteria were pathogens or commensals. They reported significant differences between the population and kind of bacterial species residing on the ocular surface of each group. Using both conventional culture and 16S rDNA they identified specific species including Bacillus spp. and Klebsiella oxytoca, as well as an overall increased bacterial count (CFU/swab) in participants with dry eye [68] . Staphylococcus epidermidis was present in 100% of samples. Later works have suggested that S. epidermidis, as an integral member of epithelial microflora, rather than merely providing a benign presence, might actually exert a probiotic function by preventing colonization of more pathogenic bacteria [69] .
On the ocular surface, goblet cells are responsible for mucin production and hence reduction in these cells will reduce mucin production and disturb the healthy tear film. Graham et al. [68] showed increasing bacterial burden correlated with decreasing numbers of goblet cells. As a corollary, in a mouse model of irritable bowel syndrome in which mucosal inflammation was stimulated using normal colon microflora, a similar reduction in goblet cell depletion and inflammatory cell infiltration was noted [70] . It has been suggested that production of mucin on the ocular surface is analogous to production of glycoproteins in the gastrointestinal tract [71] , similarly leading to the release particular glycans and polysaccharides as in the intestinal tract which boosts the growth of certain bacterial species [72] .
There is precedence in the literature for the use of probiotic lysates, vitamins and omega-3 fatty acids to treat comorbid ocular, enteral and affective symptoms that comprise a disorder called "irritable eye syndrome" [73] . The authors of the study suggested that, via MALT (mucosal associated lymphoid tissue that is contiguous from the gut to the respiratory system to the naso-lacrimal system), subclinical inflammation arising from dysbiosis can cause or exacerbate signs and symptoms of DED since the eye contains its own local lymphoid tissues; the conjunctiva-associated lymphoid tissue (CALT), which samples antigens and maintains tolerance to commensal microbes [7] . Outcomes from the study indicated that supplements targeting gut dysbiosis might be a new approach to treating this syndrome.
Prebiotics

Definition
Prebiotics were defined about twenty years ago as "a non-digestible food ingredient that beneficially affects the host by selectively stimulating the growth and/or activity of one or a limited number of bacteria in the colon and thus improves host health" [74] . Throughout the last decade, in parallel with improved sequencing technologies leading to better understanding of the human microbiome, the concept of prebiotics has been modified several times. Finally, in 2016 the International Scientific Association for Probiotics and Prebiotics (ISAPP) published a consensus statement for prebiotics as "a substrate that is selectively utilised by host microorganisms conferring a health benefit" [75] .
Antibiotics, minerals and vitamins can alter the gut bacterial composition but these are not considered as prebiotics. Prebiotics harbour distinct features. First, they are selectively utilised which means not utilised by the pathogenic microorganisms; second, evidence supports their beneficial effects on host; and third, the host enzymes should not degrade the compound [75] .
Prebiotics alter the composition of the gut microflora and studies have shown the modification of faecal microbiota by adding non-digestible energy sources in the diet [76] . Clinical studies have demonstrated that the primary group of bacteria which are stimulated by prebiotics are Lactobacillus and Bifidobacterium both of which are commonly used as probiotics. Hence, prebiotics can contribute to the functional improvements of probiotics. It is also important to note that prebiotics do not influence pathogenic bacteria such as Clostridia and Escherichia coli [77] [78] [79] .
Traditionally, non-digestive carbohydrates have been considered prebiotics and much research has focussed on three major groups; inulin, fructooligosaccharides (FOS) and galactooligosaccharides (GOS). According to the recent definition of prebiotics, particular non-carbohydrate compounds such as plant polyphenols may fit the prebiotic definition although more investigation needs to be done regarding this matter [75] . Further, Constantini and colleagues [80] make a convincing case for omega-3 polyunsaturated fatty acids (PUFA) to be considered prebiotics for their ability to modulate gut bacteria by supporting growth of lipoplysaccharide (LPS)-suppressing bacteria while concomitantly decreasing LPS-producing bacteria and Enterobacteriaceae.
Prebiotics and Human Health and Disease
In the last decade, evidence of prebiotics effect on the host-microbial community and the benefits for health has gained traction [81] [82] [83] . Because prebiotics are utilized by specific bacterial strains, this can elevate metabolism of select bacteria and their cognate metabolites without necessarily increasing the numbers of bacteria. In this way, other members of the community, as well as the host, can themselves benefit biologically or physiologically from prebiotics [84] . Physiological benefits of prebiotics include improvement of intestinal functions [85, 86] , increased mineral absorption (calcium) and improved bone density [87, 88] , regulation of lipid and glucose metabolism [79, 89] , and modulation of immune functions [79, 90] . Moreover, it has been indicated that prebiotics can independently promote health, without necessarily influencing metabolism of beneficial bacteria; for example, they can bind with pathogens and create an anti-adherence effector they can improve the immune system by the effect on host immune receptors [91] . Intestinal leukocytes and specialized enterocytes sense the content of the intestinal lumen and influence the intestinal immune response. Oat β-glucan been shown to activate both cell types [92] .
Plant oligosaccharides, flavonols and polyphenols confer numerous benefits including anti-oxidative and anti-inflammatory actions [93] . Often these agents are discussed in relation to their inflammatory or immune modulating functions without a complete understanding of the pathways involved. For example, the biovailability of such compounds has previously been seen as a disadvantage or a conundrum [94] . But now we are beginning to see that these compounds might be functioning as a food source for probiotic and indigenous bacteria both locally and through the gut and might even act locally as prebiotics on the ocular surface.
The impact of prebiotics on human health and different diseases has been explored in a number of studies. The efficiency of galactooligosaccharide (GOS) has been reported in irritable bowel syndrome (IBS) [95] . Also, Inulin and lactulose were examined in a study related to inflammatory bowel disease (IBD) [96] . Various studies have indicated a relationship between improvement of allergy conditions [96] , skin health [96] , metabolic disorders such as obesity [97] .
Omega-3 fatty acids (FA) are essential polyunsaturated fatty acids obtained through diet. Short chain (alpha-linolenic acid) fatty acids are found in walnuts, soy, flaxseed and linseed, while long chain [eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) subtypes are derived from oily fish or produced in the body from desaturation/elongation of short-chain FAs [98] . There is emerging evidence of their role as prebiotics. Omega-3 PUFAs have been shown in animal models to normalize early-life stress-induced gut dysbiosis [99] and, through the modulation of Fimicutes/Baceroidetes ratio, can reduce endotoxmeia associated with low grade inflammation-a distinguishing feature of chronic conditions including insulin resistance, obesity, IBD, anxiety, mood and depression, RA and cancer [80] . Extant reports suggest a reciprocal relationship between Faecalibacterium and Bacteroidetes. Additionally, omega-3 PUFAs can influence butyrate-producing genera such as Bifidobacterium, Lachno-spira, Roseburia and Lactobacillus, many of which are reported to be in dysbiosis in IBD subjects [80] . Omega-3 PUFAs are reported to effect increases in anti-inflammatory activity in the gut through increases short chain fatty acid-producing bacteria [100] . Animal studies suggest links between the Omega 3 PUFA-mediated alteration of the gut microbiome and positive immune impacts that together work to maintain gut mucosal integrity [80] .
Prebiotics and Ophthalmic Related Diseases
Gut dysbiosis has been demonstrated in many inflammatory and autoimmune ocular diseases such as uveitis, which is an inflammatory condition of ocular tissues. A recent clinical study compared the gut microbiome of people with uveitis and control group, showing a reduction of gut microbiome diversity in people with uveitis. This reduction was shown to be more significant in anti-inflammatory bacterial strains [101] .
Sjögren syndrome (SS) is an autoimmune disease with a variety of ocular complications. This disease affects lacrimal glands, the primary source of production of watery layer of the tear film and triggers DED and other ocular surface disorders. The microbiome shifts in SS have been previously reported, with suggestions for both prebiotic and probiotic interventions [102] .
Apart from the extensive literature on omega-3 PUFAs in treatment of DED (in which studies the mechanism in not generally ascribed to be prebiotic), there are few reports addressing the use of prebiotics for DED. However, in a recent review of diet and rosacea (which included ocular symptoms) [103] a prebiotic diet was recommended.
In relation to dry eye, there has been robust investigation into the oral consumption of omega-3 fatty acids in the treatment of DED with mixed results initiated by the observation from the 32,000 participant Women Health study that drew an association between DED and low consumption of omega 3 PUFA [104] . By way of illustration of the controversy surrounding omega 3 PUFA and dry eye, a recent meta-analysis of omega 3 PUFA supplementation for DED, including results from randomized clinical trials comprising a total of 3363 subjects, concluded supplementation led to significant improvement in dry eye signs and symptoms [99] , while the large multicentre NIH sponsored DREAM study, one of the most comprehensive so far, concluded there was no difference in dry eye outcome measures between test and placebo [105] . Both these and other studies report on the difficulties of direct comparison of results given variations in eligibility criteria, dose, placebo content, duration and so forth.
Turmeric Extract and Curcumin
Turmeric, one of the most important herbal medicines in many Asian countries, is derived from Curcuma longa rhizome. Curcumin is a well characterized derivative of turmeric but fewer studies have explored the use of the more complex turmeric extract [106] . Turmeric extract can reach the colon without substantial digestion and is digested by, and in turn promotes, probiotic bacteria in the gut. Along with the presence of phenolic and flavonoid compounds, turmeric extract contains functional monosaccharides and polysaccharides that can reinforce the immune system [107] . A patented treatment for DED [108] mentions curcumin in the form of turmeric extract. In vitro evidence [109] suggests curcumin regulates hyperosmolarity-induced IL-1β, P38 and NF-κβ in human corneal epithelial cells (suggesting action additional to prebiotic functions) and modulates pro-inflammatory cytokine expression in an inflammatory conjunctiva mouse model [110] .
Fructo-Oligosaccharides
Based on the idea of the eye as an ecosystem in which inflammation and autoimmunity are linked to the microbiota, Chisari and colleagues [111] recruited 40 subjects for a randomized trial comparing a synbiotic mixture of probiotics and fructo-oligosaccharides with use of a tear substitute in reducing signs and symptoms of DED. After 30 days of treatment there were statistically significant improvements in Schirmer test (measuring tear secretion rate), tear break up time (a measure of tear film stability) and a reported "disappearance of symptoms" in addition to a reduction in Staphylococcus aureus colonization with a concomitant increase in Staphylococcus epidermidis colonization of the ocular surface.
The patent literature cites use of Aloe Vera and a prebiotic, fructan derived from chicory root, for amelioration of neurological symptoms, chronic pain, inflammatory bowel disease and dry eye, amongst other disorders [112] . Investigation into the use of Aloe Vera in ophthalmologic disorders is aimed at determining whether the rapid tissue repair and anti-inflammatory properties of Aloe Vera, which have been successfully demonstrated in the treatment of internal and external wounds, can be applied to disorders of the eye involving inflammation, ulceration and infections [112] .
Colostrum
Unique to milk are a structurally diverse group of oligosaccharides that rather than providing energy to the newborn, serve instead as prebiotics [113] . Back in 1994 colostrum was advocated as a cure for DED by Chaumeil and colleagues [114] who showed encouraging results in treating severe DED using enriched bovine colostrum. Bucolo and colleagues developed an atropine sulphate-induced dry eye model in rabbits to further explore this idea [115] . Comparing prebiotic properties of topical application of the milk oligosaccharide fucosyl-lactose to PBS following application of atropine sulphate to induce dry eye, the researchers noted significant improvement in tear stability measured by improved tear break up time and tear volume. Finally, a mouse study exploring the use of human milk in DED [116] reported both full cream and fat reduced milk were able to preserve corneal epithelial thickness in a preservative-induced dry eye mouse model with results comparable to that of cyclosporine.
Quercetin
As a member of the flavonol class of flavonoids, quercetin is well known for its anti-oxidant and anti-inflammatory actions. Quercetin is found in high abundance in apples, grapes, onions, artichoke, fennel, celery, beans, chickpeas, plum, turnips, peppers, strawberries, tomatoes and broccoli [117] . However, quercetin is rapidly cleared following oral consumption and it has been suggested that it has low bioavailability [118] . Given that it has recently been suggested that quercetin, as well as other flavonoids, do not have to be absorbed in order to have an effect [118] , the prebiotic effects of quercetin are now being explored in addition to direct anti-oxidative and anti-inflammatory activities properties with the prebiotic-like effect on the anti-inflammatory activity of certain Bifidobacterium species reported [93] . Use of quercetin has been explored in various ocular surface diseases [118] and found to provide immunoregulation when topically applied in mouse DED models. Abengózar-Vela and colleagues [119, 120] have reported encouraging results in both a mouse model of DED and an in vitro model using human corneal epithelial cells. Topical quercetin results in increased tear volume, restoration of smooth corneal surfaces, increased goblet cell density and reduced ROS-induced pro-inflammatory gene expression [118] . Ho and colleagues report similar results with the use of quercetin in a desiccation stress DED mouse model with resulting increased tear volume, reduced corneal irregularities and increased goblet cells compared with control [121] .
Resveratrol
Similar to quercetin and curcumin, resveratrol has been shown in mouse models to act as a prebiotic, leading to increased levels of Akkermansia spp., bifidobacteria and lactobacilli [122] . Topical resveratrol has been shown, in isolation and in combination with quercetin, to decrease clinical signs of DED in an experimental mouse model of DED with improved corneal staining and similar anti-inflammatory effects to that of the prebiotic epigallocatechin gallate [120] .
Probiotics
Definition
The term probiotic was introduced by Lilly and Stillwell in 1965 [123] as an agent conferring benefit for health existing in fermented milk [124] . The World Health Organization and the Food and Agriculture Organization of the United Nations define probiotics as "live microorganisms which when administered in adequate amounts confer a health benefit on the host" (FAO/WHO Working Group 2002). Generally, probiotic species belong to the genera Lactobacillus and Bifidobacterium with a few strains of other lactic acid bacteria, Bacillus spp., Saccharomyces spp. and E. coli [125] [126] [127] . Molecular-based techniques have however identified other genera and species including Roseburia, Eubacterium or Faecalibacterium spp. that might mitigate intestinal inflammation and enhance gut barrier defences [75, 128] . Marketed probiotics can include different types of fermented or non-fermented food and added nutritional supplements in powder or tablet forms. They can also comprise single or multiple strains of bacteria [126, 127] .
Probiotics and Human Health and Disease
Probiotics and cognate products of metabolism effect equilibration of anti-and pro-inflammatory responses by various means [129] . Communication between the gut microbiome and innate and adaptive immune cells modulates immune tolerance and inflammation [129] . Probiotics have been trialled in treatment of irritable bowel syndrome (IBS) [130] [131] [132] [133] [134] [135] [136] and inflammatory bowel disease (IBD) and its subtypes ulcerative colitis (UC) [137, 138] , in addition to prophylactic treatment of atopic disease [139] .
Epithelial cells protect the host from assault by pathogenic organisms and toxic agents by forming a mucosal barrier. Probiotics help maintain intestinal barrier integrity by competing with pathogens for nutrients and competing for attachment sites on epithelial cells, inhibiting attachment of pathogenic bacteria [129] , and modulating the immune response, resulting in immunostimulation or immunoregulation. In addition, probiotics can reinforce the mucosal barrier defences by inducing antimicrobial peptides such as human defensins [140] . An extensive range of probiotics can suppress epithelial cell pro-inflammatory chemokine production following infection [141] . Daily consumption of yoghurt containing Lactobacillus paracsei spp., paracasei, Bifidobacterium animalis ssp., Lactis and heat-treated Lactobacillus planatarum has been shown to improve immune function [142] . In colitis and allergy, the efficacy of probiotics again suggests upregulation of anti-inflammatory cytokines while attenuating inflammatory cytokines [143] . Various strains of Lactic acid bacteria stimulate production of immunoglobulin A and cognate Ig-A secreting cells and as well interleukins 12 and 18 while reducing IgE synthesis and stabilizing mucosal barriers [144, 145] thereby effecting an essential role in host mucosal protection against mucosal pathogens since IgA prohibits bacterial binding to epithelial cells and counteracts toxins.
Various probiotic strains reduce Th17 inflammatory cells production and expression of downstream cytokines TNF-α and INFγ [129] L. rhamnosus also suppresses Th2, TH17 and ameliorates clinical signs relation to atopic dermatitis, allergic asthma and rhinitis [146] .
Probiotics and Ophthalmic Related Diseases
In relation to ocular uses of probiotics, a comprehensive systematic review and meta-analysis of allergic rhinitis conducted in 2016 considered ocular symptoms in twenty-two randomised, double-blind, placebo-controlled studies and reported an overall positive effect of probiotics in reduction of ocular symptom scores in allergic rhinitis [147] .
Recently, Jhaveri Microbiology Centre of Brien Holden Eye Research Centre in India has examined the association between gut bacterial and fungal dysbiosis and bacterial keratitis. They analysed the bacterial and fungal composition of faecal samples of 21 healthy participants versus 19 patients with bacterial keratitis (BK). Anti-inflammatory bacteria including Dialister, Megasphaera, Faecalibacterium, Lachnospira, Ruminococcus and Mitsuokella and members of Firmicutes, Veillonellaceae, Ruminococcaceae and Lachnospiraceae were more evident in healthy individuals compared with people suffering from bacterial keratitis. They also found more pathogenic fungus in BK groups. Their result strongly suggests the imbalance of gut bacterial community in people with BK [148] and indicates that probiotics might help ameliorate BK.
Immune responses to commensal bacteria and opportunistic pathogens have been suggested as triggering Sjögren syndrome [149] . In a relatively recent clinical trial, the efficacy of Probiotic IRT-5 (consisting of Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus reuteri, Bifidobacterium bifidum and Streptococcus thermophiles) on management of autoimmune uveitis (EAU) and autoimmune dry eye in mice was explored. Monitoring inflammatory score of retinal tissues for uveitis and corneal staining and tear secretion for dry eye, the authors report that probiotics can be effective in decreasing clinical signs of autoimmune dry eye [150] . Such data support the hypothesis that dry eye originates from an imbalance in the protective immunoregulatory and proinflammatory pathways of the ocular surface. Regulatory T cells on the ocular surface have been suggested to provide protection against autoimmunity, as demonstrated at other mucosal sites [151] and to protect mice exposed to desiccating stress from developing dry eye. When these cells are depleted, mice developed full blown disease [51] . It is speculated that inflammation in DED is due to a decrease in number and/or function of regulatory T cells and an increase in pro-inflammatory cells (CD4 + Th1/Th17) along with cognate inflammatory mediators [51] . As such, probiotics might well be considered as a potential therapy.
In 2016, a group of researchers examined the effect of a combination of probiotics plus vitamins in people with DED. Their results suggest that synbiotics, which combine probiotics and prebiotics in a form of synergism, can decrease some signs and symptoms of DED while also modulating gut function [152] . This group explored a combination of Lactobacillus acidophilus, Streptococcus thermofhilus, Lactobacillus plantarum, Lactobacillus rhamnosus, Bifidobacteriumlactis, Zn, Vitamins B1, B2, B6 and niacin.
Another dry eye study examining the effect of a combination of fish oil, lactoferrin, zinc, vitamin C, lutein, vitamin E, γ-aminobutanoic acid and Enterococcus faecium WB2000 on dry eye reported significant improvement in clinical symptoms at 4 and 8 weeks [153] .
A 2017 report from Korea [150] explored the use of IRT-5 probiotics (Lactobacillus casei, Lactobacillus acidophilus, Lactobacillus reuteri, Bifidobacterium bifidum and Streptococcus thermophiles) on autoimmune dry eye. IRT-5 was efficacious in reducing dry eye through attenuation of autoreactive T cells, suggesting as the authors report, relevance to treatment of Sjögren syndrome with IRT-5. The working theory behind this research suggesting the severity of Sjögren syndrome is correlated with microbial dysbiosis [16] , is that autoreactive T cells activated by peptides from oral, skin and gut bacteria activate autoreactive B cells leading to gut dysbiosis mediated increases in Th17 cells migrating into systemic circulation. Consequently, IRT-5 probiotics might suppress cross-reactive T cells against gut peptides resulting in decreased CD8 + IFNγ hi cells, leading to clinical improvement in SS.
In 2017, Chisari and colleagues [154] reported a pilot study into the aging eye microbiota in DED in patients treated with Enterococcus faecium and Saccharomyces boulardii. Their results showed reduction in disease severity through improvements in Schirmer tear test and tear film break up time in addition to alteration of the ocular microbiome.
Other studies have reported mixed results with use of probiotics with a recent systematic review reporting studies showing an increased risk of allergic conjunctivitis with administration of probiotics perinatally and other studies offering evidence for efficacy of probiotics [155] .
Other Functional Foods
Red Ginseng
Many people who suffer from glaucoma and use associated medications complain of dry eye and have a higher prevalence of ocular surface disease than the general population [156, 157] . The preservative within the drops (benzalkonuim chloride (BAK)) has been suggested as the cause of the reported associated inflammation, blepharitis and DED [158] . Red ginseng is a traditional folk remedy used in East Asia to treat a number of disorders including endocrine and immune disorders [158] . The chronic inflammatory association and goblet cells loss in DED are commonly treated with anti-inflammatory drugs. Bae and colleagues [158] report that ginsenoside within red ginseng possesses anti-inflammatory properties. Oral consumption of red ginseng was shown in two studies to improve signs and symptoms of DED. Both studies focused on dry eye in glaucoma patients [158, 159] . In the earlier study by Kim it was noted as an aside to the main focus of the study (observations of ocular blood flow in glaucoma patients) that subjects reported ginseng relieved discomfort associated with use of anti-glaucoma drops and further, for some subjects, ginseng helped in reducing signs and symptoms of dry eye. Hence the latter study was designed to explore this earlier observation. As reported by the investigators, for those patients without full-blown glaucoma who are on anti-glaucoma medication, dry eye dominates their concerns [158] . The cause of dry eye in these subjects is multifactorial, however the preservative benzalkonium chloride (BAK) is strongly implicated. The authors reported improvements in subjective comfort rated by the ocular surface disease index, as well as increases in tear film breakup time, conjunctival hyperaemia and meibomian gland function with oral application of Korean red ginseng over 8 weeks. The authors drew parallels with omega-3 fatty acids. That red ginseng works to alleviate dry eye offers further support for the idea of immune-mediated systemic inflammation due to gut dysbiosis [158] .
Honey
Honey features as a remedy in ancient civilisations, ancient Ayurvedic texts and teachings of Aristotle and Hippocrates as well as ancient Arab physicians [160] . Honey possesses a range of medicinal activities including anti-inflammatory, antibacterial, antifungal and wound healing [161] . A study of Hadza hunter-gatherers revealed a much more diverse gut microbiome compared to that of individuals from the industrialised West. Honey is plentiful at certain times in the Hazda diet and the collection and consumption of honey is associated with shifts in the gut microbiome [162] . More recent studies have shown honey also possesses anti-diabetic activity and positive oral health effects. Some of the oligosaccharides in honey are prebiotics [163] . Probiotic honey (honey enriched with probiotics) had a beneficial effect on marks of insulin metabolism and markers of inflammation in subjects with diabetic nephropathy [164] . For ocular use, Aristotle wrote of honey being a salve for sore eyes [165] along with ancient honey remedies for eye disease spans Attica, Europe, India, Asia and Africa [166] . Honey has been shown to be efficacious in treatment of endophthalmitis [167] and corneal oedema [151, 168] . A report from Lithuania in 2007 showed improvement in DED with use of 20% honey solution eye drops [169] . There is also a growing body of work looking specifically at Manuka honey for use in Sjögren syndrome and non-Sjögren aqueous deficient dry eye and evaporative dry eye due to MGD [170] .
Polyphenols
Bilberry Extract
Anthocyanins, known collectively as flavonoids (part of the greatly diverse plant polyphenols) are the largest group of water-soluble pigments in the plant kingdom with reported protective effects including antioxidant, anti-allergic, anti-inflammatory, anti-viral, anti-proliferative and anti-microbial [171] . A 2017 study into bilberry extract and DED [172] reported significant improvement in tear secretion with suggestions of more pronounced effects with increased DED severity and improvements in biological antioxidant potential.
Green Tea
Tea (from Camellia sinensis) is one of the most widely consumed drinks worldwide. Green tea contains numerous polyphenols (collectively, 30% dry weight) including low molecular weight phenols (such catechins), which account for approximately 25% of the dry weight of green tea [173] to which antioxidant, immunomodulatory [174] and antiviral activities have been ascribed [175] . In addition, green tea has beneficial effects against degenerative diseases, oxidative stress and chronic diseases [176] , and lipid profile [177] . A 2017 double-blind placebo-controlled study into the efficacy of green tea in ameliorating dry eye and meibomian gland dysfunction due to its anti-oxidative, anti-bacterial, anti-androgen and immunomodulatory anti-inflammatory properties [174] reported significant improvement in TBUT, meibomian gland health and ocular comfort scores after one month. The authors suggest efficacy might be due to Epigallocatechin Gallate which exerts inhibitory effects on inflammation, through the suppression of IL-1, IL-6, MCP-1 and TNF-α and t NF-kB.
Contrary to this finding is a recent study reporting a single dose of green tea reduced tear quality as assessed by tear ferning patterns and phenol red thread test [173] postulated as being due to high polpyphenolic content leading to lipid oxidation and reduction in electrolyte concentration.
Grape Polyphenols
A recent review into the anti-inflammatory activities of grape polyphenols (GPP), including grape derived proanthocyanidins, monomeric flavonoid, aglycones and related glycosides [178] , suggested GPP to be of use for inflammation in blepharitis-both via direct antimicrobial action against various Gram positive and Gram negative bacteria [179] , and via antagonism of pro-inflammatory enzymes such as cyclooxygenase, nitric oxide synthase, lipoxygenase and several inflammatory cytokines such as C-reactive protein, TNF-α, IL-1β and IL-6, NF-kB; and prostaglandins E2 and D2. Further evidence proffered [178] suggested GPP can reduce mylopen oxidase activity while grape derived delphinidin inhibits LPS-induced TNFα and IL-6 production. Grape antioxidants pycnogenol and resveratrol reduce inflammation of the eye and attenuate induction of pro-inflammatory markers such as IL-1α, IL-6 by scavenging intracellular ROS [178] . Hence these compounds are of interest in reducing ocular dysbiosis associated with blepharitis and DED.
Evening Primrose Oil
Oral evening primrose oil has been shown to reduce contact lens discomfort and associated dry eye [180] . The mechanism of action was hypothesized as dietary essential fatty acid supplementation regulating the inflammatory process. Dietary supplementation with the primrose oil-derived linoleic acid and gamma linolenic acid ameliorated symptoms and improved overall lens comfort in female patients with contact lens associated dry eye and additionally resulted in increased in tear production.
Glycerol Monolaurate
Through the increased intake in the modern Western diet over the last 50 years of partially hydrogenated vegetable oils and trans fatty acids, such as linoleic acid, there has been a concomitant loss of dietary lauric acids (such as glycerol monolaurate or monolaurin) [181] . This shift has set the stage for a pro-inflammatory state in the human body. Glycerol monolaurate (GML) is found in coconut and breast milk. It is known to inhibit exoprotein production by Gram positive bacteria including S. aureus [182] . In vitro studies have shown GML inhibits bacterial lipases (particularly Staphylococcal spp. that have been implicated in rosacea, blepharitis etc.) without disturbing the microbiota [183] . It is non-toxic and in low doses, not antimicrobial. It has the status of "Generally Recognized as Safe" by the FDA [183] .
GML is used widely used in the food industry as a surfactant and preservative and this raises the possibility of ingested GML as a potential agent for reducing systemic inflammation, in addition to topical ocular application, given its good safety profile on skin and mucosal surfaces [165] and negative ocular irritation [184] .
Previous studies conducted in our laboratory explored the efficacy of GML on inhibition of production of bacterial lipase from ocular isolates [40, 183] . Further, we determined a range of concentrations for which GML inhibits lipase production without substantial antimicrobial action. Translation into clinical trials (topical and oral) will give us some indication as to whether such an approach can not only provide immediate relief through the anti-inflammatory properties of GML [185] but might produce a stable shift in the gut and/or ocular microbiome that results in a decreased bacterial lipase production through a natural rebalancing of a healthy ocular community as opposed to the action of antibiotics that eradicate commensal bacteria while limit toxin production by pathogens. We are interested in exploring both oral and topical GML for dry eye and initial trials are underway. Preliminary data indicate significant improvement with the use of a topical GML ointment compared to placebo over 6 weeks in reducing the severity of DED and associated signs including blepharitis, limbal conjunctival redness, conjunctival palpebral redness, meibomian gland expressibility and meibum quality. As with many other studies, there was a significant improvement in ocular comfort from baseline but this was also reported by users of the placebo.
Combination Nutraceuticals
A combination nutraceutical comprising fish proteins, rice carbohydrates, aloe Vera, papayam curcuma, green tea, omega3/6 fatty acids and other nturients has been used to treat dogs with keratoconjunctivitis sicca (KCS) [186] . Delivered for 60 days, this treatment showed improvement in Schirmer test, conjunctivitis and keratitis intensities and mucous "intensity" [186] .
Conclusions
Development of novel therapies that provide a cure for dry eye is the holy grail of DED research. In rising to meet this challenge, perhaps we should revisit the very questions we are asking about DED to stimulate alternative hypotheses of disease aetiology that might give rise to rigorous, consistent, repeatable clinical research methodologies, effecting easier comparison of data. In this way we might even begin to close the treatment gap between signs and symptoms.
There is an emerging understanding of the efficacy of probiotics, prebiotics, synbiotics and other functional foods on gut and local ocular microbiota in modulation of ocular inflammation and ocular surface health and homeostasis. Just as antibiotics can have far reaching effects beyond purely antimicrobial efficacy, prebiotics, probiotics and functional foods can manifest their benefits in a number of ways. Re-envisioning the mechanism of action of these various agents which have featured strongly in the DED literature with often wildly differing outcomes, as agents that modify the microbiome, in addition to more direct effects, might focus clinical study design to tease out the various mechanisms of such agents and disambiguate extant data.
If DED is indeed on the spectrum of chronic inflammatory disorders, lifestyle changes along with medications aimed to reduce inflammation could be an effective strategy. Adherence to lifestyle changes for chronic disease languishes around 10% while medication adherence is around 50% [186] . As such, offering a "pill" for life-style associated chronic disorders appears the more effective route compared with dietary or physical activity interventions at the present time. Considering mechanisms of action derived from a microbiome-driven systemic or "holistic" approach to this disease might pave the way for a new generation of rigorous clinical studies to provide alternative and more effective solutions for management of DED.
